Abstract. We determined the phylogenetic positions of 82 large nuclear pseudogenes of mitochondrial origin (numts) within the human genome. For each numt, two possibilities pertaining to its origin were considered: (1) independent insertion from the mitochondria into the nucleus, or (2) genomic duplication subsequent to the insertion. A significant increase in the rate of numt accumulation is seen after the divergence of Platyrrhini (New World monkeys) from the Catarrhini (Old World monkeys, apes and humans). By using pairwise phylogenetic analyses, we were able to demonstrate that this peak in numt accumulation is mostly the result of duplication of preexisting nuclear numts rather than the result of an increase in mitochondrial-sequence insertion. In fact, only about a third of all the numt repertoire in the human nuclear genome is due to insertions of mitochondrial sequences, the rest originated as duplications of preexisting numts. Hence, we conclude that numt insertion occurs at a much lower rate than previously reported. As expected under the assumption that genomic duplications occur at rates that are uninfluenced by content, older numts were found to be duplicated more times than recently inserted ones.
Introduction
Starting with the findings of Stern and Lonsdale (1982) on the transfer of genetic information among genomes, hundreds of studies have documented the ubiquity of genetic-information flow between organelles and between organelles and the nucleus (e.g., Blanchard and Schmidt 1995; Collura and Stewart 1995; Fukuda et al. 1985; Lopez et al. 1994 ). This type of ''disrespect'' for genomic barriers has been dubbed ''promiscuous DNA'' (Ellis 1982; Lewin 1983) . To date, examples have been found for five out of the six possible types of gene transfer among genomes: chloroplast to mitochondria, mitochondria to chloroplast, chloroplast to nucleus, nucleus to mitochondria, and mitochondria to nucleus (Thorsness and Weber 1996) .
While the transfer of functional mitochondrial genes into the nucleus has most probably ceased before the emergence of animals, approximately 1,000 million years ago (Boore 1999) , the integration of functionless mitochondrial sequences into the nuclear genome has continued unremittingly, and nuclear pseudogenes of mitochondrial origin or numts (pronounced ''new-mights '', Lopez et al. 1994 ) have been described in numerous eukaryotes (Bensasson et al. 2001) . All mammalian numts studied to date were found to be functionless, and it is thought that because of the differences between the nuclear and mitochondrial genetic codes, they became pseudogenes immediately on arrival into the nucleus. Numts have an uneven taxonomic and chromosomal distribution, but so far no diagnostic features have been described for the regions flanking the numt integration sites (Bensasson et al. 2001) . Gene transfer from the mitochondria to the nucleus most probably occurs through direct DNA transfer, rather than through cDNA-mediated transfer (Henze and Martin 2001) .
Recently, the full numt repertoire of the human nuclear genome was published (Mourier et al. 2001; Woischnik and Moraes 2002) . On the basis of phylogenetic analyses, both groups concluded that the evolutionary process of numt insertion is continuous (Bensasson et al. 2001) , and that it occurs at fairly rapid rates. However, we find their phylogenetic analyses incomplete, especially since they regard all numts as independent mitochondrial insertions and neglect the possibility of post-insertion nuclear duplication (e.g., Bensasson et al. 2000) . In this study, we attempted to reconstruct the evolutionary dynamics of numt accumulation. In particular, we determined for each numt whether it was derived independently through the integration of a mitochondrial sequence or whether it was created through the nuclear-genome duplication of a preexisting numt.
Materials and Methods
Data Collection. The FASTA algorithm (Pearson and Lipman 1988) was used to search each of the human chromosomes (ftp:// ncbi.nlm.nih.gov/genomes/H_sapiens/) for regions of similarity with the human mitochondrial sequence (Genebank, NC_001807). Ninety-four hits that were longer than 1,000 bp were selected for further analysis. After filtering overlapping results and choosing the ones that had the longer hits, we used the Smith-Waterman algorithm (Smith and Waterman 1981) to join closely spaced (<100 Kb) hits that were found on the same contig and in the same orientation. The algorithm was employed to ensure that each numt in our analysis appears only once, i.e., that it was not artificially divided into segments. These procedures reduced the number of hits to 82 numts.
Phylogenetic Analysis of numts. Ten full mitochondrial sequences were selected for phylogenetic analysis and were aligned using ClustalW (Higgins et al. 1996) . A user tree (Fig. 1A) was built for fully sequenced mitochondrial genomes from eight primates, a sister taxon (Tupaia belangeri, Scandentia), and an outgroup (Phoca vitulina, Pinnipedia, Carnivora). The taxa were chosen on the basis of complete-mitochondrial sequence availability and the possibility of building a taxonomically undisputed phylogenetic tree (Goodman et al. 1998) . Genebank accession numbers for the mitochondrial sequences are: NC_001807 for human (Homo sapiens), NC_001643 for chimpanzee (Pan troglodytes), NC_001645 for gorilla (Gorilla gorilla), NC_001646 for orangutan (Pongo pygmaeus), NC_002082 for white-handed gibbon (Hylobates lar), NC_002764 for Barbary macaque (Macaca sylvanus), NC_002763 for whitefronted capuchin (Cebus albifrons), NC_002765 for slow loris (Nycticebus coucang), NC_002521 for northern tree shrew (Tupaia belangeri), and NC_001325 for harbor seal (Phoca vitulina).
Branch lengths were calculated through maximum-likelihood methodology with the DNAML program in PHYLIP 3.573 (Felsenstein 1993) . ClustalW was used to align each of the 82 numts to the 10 mitochondrial sequences. Each numt was added to each of the nine branches on the lineage leading to the human genome, and by using DNAML we computed the likelihood of each of the nine resulting trees.
The nine trees were given two scores: (1) The unweighted score was the number of times that each of the nine trees emerged as the most likely tree. (2) The weighted score was calculated as follows: If the likelihood of the best tree was significantly different from the other trees, the tree was given a score of 1. If two trees could not be shown to differ from each other in a statistically significant manner (p <0.05), each of the two trees was given a score of 0.5. If three trees could not be shown to differ from one another in a statistically significant manner, each of the three trees was given a score of 0.33, and so on. For each of the nine trees, we summed the scores over the 82 numts.
Phylogenic Analysis of Pairs of numts. We compiled a database of pairs of numts, in which each pair contains a short numt that is fully contained within a long one. We used the previously determined maximum-likelihood branch location for the longer numt to identify the phylogenetic position of the shorter numt. The maximum likelihood position for the shorter numt in a pair was iden- tified with the user-tree option in the DNAML program. If the two numts emerged as sister taxa on the same branch, we concluded that the shorter numt represents a partial duplication of the longer one. In such a case, the longer numt is called the ''father'' and the shorter one is called the ''son''.
Inferrence of the Number of Independent numt Insertions. Numts that participate in pairs only as fathers but never as sons were deemed to have been created by insertion. Numts that did not appear in the database of pairs were also classified as independent insertions. All other numts were inferred to have been created by duplication of a preexisting numt.
Results
Eighty-two numts longer than 1,000 bp were identified in the human nuclear genome ( Table 1 ). The chromosomal distribution of numts was found not deviate significantly from a random distribution (v 2 = 22.85; df = 23; p 0.47). This finding is in agreement with Mourier et al. (2001) .
By using maximum likelihood methodology, it was possible to place each of the 82 numts in their temporal evolutionary context (Fig. 1A) . When adjacent placements on the phylogenetic tree could not be distinguished from one another with sufficient statistical confidence, we assigned equal probability of numt origin on each of the indistinguishable branches. Numbers of numts were similar for both the weighted and the unweighted method.
We applied Grubbs' extreme studentized deviate test (Barnett and Lewis 1994) on the unweighted numbers of numts divided by the lengths of their respective branches. A statistically significant (p <0.01) 30-fold increase in the rate of numt accumulation was observed to have occurred on the branch leading to Catarrhini (Old World monkeys, apes, and humans) after their divergence from the Platyrrhini (New World monkeys) approximately 40 million years ago (Fig. 1B) .
The dramatic change in the rate of numt accumulation could be due to increase in the rate of independent sequence transfers from the mitochondria to nucleus or due to post-insertion duplications within the nuclear genome. In order to distinguish between the two possibilities, we analyzed 323 numt pairs. Nine of the 82 numts were found to have no relation to the other numts and were, thus, considered as independent insertions. The other 73 numts were inferred to have been created by the duplication of 17 ancestral numts. Thus, only 30% of all numts in the human nuclear genome have been created by insertion; the others have accumulated by subsequent duplication.
We placed each of the 26 independently inserted numts on the branches of the mitochondrial phylogenetic tree (Fig. 1A) . Again, we found a relative excess of numt accumulation (this time attributed solely to insertion) on the branch leading to Catarrhini after its divergence from the Platyrrhini (Fig.   1B) . Nevertheless, Grubbs' extreme studentized deviate test is no longer statistically significant.
The ratios between the number of numts and the number of numt insertions on the branches ranged from 4 to 1, with the higher values obtained for the older branches. This indicates, that older numts have been duplicated more times than younger ones.
Discussion
Recently, several papers analyzing the full numt repertoire reported a continuous evolutionary transfer of mitochondrial sequences into the human nuclear genome. Mourier et al. (2001) used a combination of BLAST (Altschul et al. 1997 ) and DNA-block alignment (Jareborg et al. 1999) , and found that the human nuclear genome contains 296 numts, 94 of which were longer than 1,000 bp. In our survey, we have only identified 82 such numts, most probably because of our more conservative criteria for inclusion. Although the method of Mourier et al. (2001) is suitable for the identification of the human numt repertoire, their phylogenetic analysis is, to say the least, inconclusive. First, Mourier et al. (2001) ignored the possibility of numt duplication. Second, since many of their numts consisted of disjointed segments, in many cases numts were placed in more than one phylogenetic position on the tree. This is evolutionarily impossible and should be regarded as an artifact of their use of the block-alignment algorithm, which has yielded numts with varying degrees of similarity to the mitochondrial parent.
In the study by Woischnik and Moraes (2002) , the authors searched for hits of single mitochondrial genes in the nuclear genome, and used their coordinates to combine them into longer numts. Woischnik and Moraes (2002) discovered 612 numts. The phylogenetic analysis in Woischnik and Moraes (2002) was carried out gene by gene, so that parts of the same numt were most probably positioned on different branches of the tree. And again, the possibility of numt duplication occurring subsequent to the insertion of the mitochondrial sequence was ignored.
Here, we performed an analysis on 82 long numts. We did not aim to identify the entire numt repertoire, a process that was most probably completed by Mourier et al. (2001) , but to reconstruct numt evolutionary history by taking into account the possibility of genomic duplication. We found that the number of numts is positively correlated with branch length. For example, the longest branches, i.e., those representing the divergence between Platyrrhini and Catarrhini and between Strepsirhini and the rest of the Primates, show the higher number of numts. In other words, our analysis indicates that numt insertion into the nuclear genome is a continuous and largely monotonic evolutionary process. However, our analysis also indi- cates that the process of numt insertion is less frequent than previously reported. The peak in numt accumulation that is found on the branch representing the divergence of Platyrrhini from the Catarrhini is mostly the result of duplication of preexisting nuclear numts rather than the result of an increase in mitochondrial-sequence insertion. In fact, this phenomenon is a general one; on average only one of every three numts in our genome is the result of an independent integration event, while the other two originate from duplications within the nuclear genome. Under the assumption that genomic duplications occur at rates that are uninfluenced by content, older numts should appear in larger copy numbers than recently inserted numts. Let us consider, for instance, branch C in Figure 1 . Twenty numts were located on this branch, yet these 20 numts are derived from only five independent insertions. In contrast, of the five numts inferred to have accumulated in the human genome after the Homo-Pan divergence, four are most probably independent insertions. These five numts are expected to have no homologues in non-human genomes. The fact that older numts were indeed found to be duplicated more times than younger numts strengthens the confidence in the reliability of our results.
